AD

TECHNICAL REPORT ARCCB-TR-94038

FATIGUE LIFE ANALYSIS AND TESTS FOR
THICK-WALLED CYLINDERS INCLUDING EFFECTS
OF OVERSTRAIN AND AXIAL GROOVES

J.H. UNDERWOOD
A.P. PARKER

9580007 072

SEPTEMBER 1994

US ARMY ARMAMENT RESEARCH,

DEVELOPMENT AND ENGINEERING CENTER
CLOSE COMBAT ARMAMENTS CENTER
: BENET LABORATORIES
WATERVLIET, N.Y. 12189-4050

APPROVED FOR PUBLIC RELEASE; DISTRIBUTION UNLIMITED

a DTIC
EELECTE )
| Q) FEBitzigs g

e Foa
o




DISCLAIMER
The findings in this report are not to be construed as an official
Department of the Army position unless so designated by other authorized
documents.,
The use of trade name(s) and/or manufacturer(s) does not constitute

an official indorsement or approval.

DESTRUCTION NOTICE
For classified documents, follow the procedures in DoD 5200.22-M,
Industrial Security Manual, Section II-19 or DoD 5200.1-R, Information
Security Program Regulation, Chapter IX.
For unclassified, limited documents, destroy by any method that will
prevent disclosure of contents or reconstruction of the document.
For unclassified, unlimited documents, destroy when the report is

no longer needed. Do not return it to the originator.



Form Approved

REPORT DOCUMENTATION PAGE OMB No. 0704-0188

Public reporti~c burden for this collection of infarmation 1s estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources.
gathering anc maintaining the data needed. and compieting and reviewing the collection of information. Send comments re?arding this burden estimate or any other aspect of this
Zoliection of intarmation. including suggestions for reducing this purgen. to Washington Headquarters Services. Directorate for information Operations and Reports, 1215 setferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302. and to the Office of Management and Budger, Paperwork Reduction Project (0704-0188), Washington, DC 20503

1. AGENCY USE ONLY (Leave blank) |} 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
September 1994 Final .
4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
FATIGUE LIFE ANALYSIS AND TESTS FOR THICK-WALLED
CYLINDERS INCLUDING EFFECTS OF OVERSTRAIN AND AMCMS: 6111.02.H611.1
AXIAL GROOVES PRON: 1A11Z1CANMBIJ

6. AUTHOR(S) _
J.H. Underwood and A.P. Parker (University of Northumbria

at Newcastle, UK)
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFO?MING BOEF:‘GANIZATION
REPORT NUM
U.S. Army ARDEC ORT NU

Benét Laboratories, SMCAR-CCB-TL ARCCB-TR-94038
Watervliet, NY 12189t4050 .

9. SPONSORING/ MONITORING AGENCY NAME(S) AND ADDRfSS(ES) 10. SPONSORING / MONITORING

AGENCY REPORT NUMBER
U.S. Army ARDEC
Close Combat Armaments Center
Picatinny Arsenal, NJ 07806-5000

11. SUPPLEMENTARY NOTES
Presented at the ASME Pressure Vessel Conference, Minneapolis, MN, 19-23 June 1994.
Published in the ASME Journal of Pressure Vessel Technology o7 .

12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Approved for public release; distribution unlimited.

13. ABSTRACT (Maximum 200 words) ) . '

A fracture mechanics-based fatigue life analysis was developed for pressurized thick-walled cylinders autofrettaged by overstrain
and with one or several semi-elliptical-shaped axial grooves at the inner diameter. The fatigue life for a crack initiating at the
root of the groove was calculated for various cylinder, groove, and crack configurations and for different material yielding
conditions. Comparisons were made with fatigue crack growth and laboratory life results from A723 thick-walled cylinders in
which cannon firing tests were first performed to produce axial erosion grooves, followed by cyclic hydraulic pressurization to
failure in the laboratory. The life analysis, with an initial crack size based on the expected pre-existing defects, gave a good .
description of the crack growth and fatigue life of the tests for cylinders with and without grooves. General fatigue life
calculations summarized important and configurational effects on the fatigue life design of overstrained cylinders, including
effects of material yield strength, cylinder diameter ratio, stress concentration-factor, and initial crack size.

DTIC QUALITY INSPEGTED 4

14. SUBJECT TERMS . ) 15. NUMBER OF PAGES
Fatigue Life Analysis, Thick-Walled Cylinders, Stress Concentration, Fatigue Tests, -1

Erosion, Autpﬁ'ettage, Residual Stress _ ‘ T6 PRICE CODE
17. SECURITY CLASSIFICATION ] 18. SECURITY CLASSIFICATION | 19. SECURITY CLASSIFICATION | 20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE - OF ABSTF \CT : .
UNCLASSIFIED UNCLASSIFIED - UNCLASSIFIED UL
NSN 7540-01-280-5500 .Standard Form 298 (Rev. 2-89)

Prescribed by ANSI Sta 239-'8
298-102




TABLE OF CONTENTS

ACKNOWLEDGEMENTS . ...ttt it iiiiiitnaianneeenensacasaensnns ii
INTRODUCTION .........coivininns PP 1
CYLINDER AND TEST CONDITIONS ... ittt ittt eeentnnennannn 1
GROOVED CYLINDER ANALYSIS ... ittt iiiiiainaeaaans 2
KANDFATIGUELIFEANALYSIS..........; ...... U OTT 3
CALCULATED AND MEASURED LIVES .‘ ................................... 5
DESIGN CALCULATIONS . ....oiitiiiiiiiiiii it 7
SUMMARY ittt ettt ettt ittt ittt e 7
REFERENCES ...ttt ittt iiintanansaaesaceesnonneassseneansonas 8
Tables
1. Specimen Material, Configuration, and Life Information .......... SEEEEEEEEEERRRE 2
2. Comparison of Calculated and Measured Fatigue Lives . .. [P gij b. P 6

List of Illustrations

1 - Specimen Configuration .. .......c.ouuiiu it 9
2 - Idealized Groove Configuration ......... ...ttt 10
3 - Calculation of Notch-Tip Stress by Superposition . ...........cviiiiiiiieen F 5
"4 - Measured and Calculated Crack Growth Versus Number of Fatigue Cycles . .......... 11
5 - Effect of Stress Concentration Factor, k,, on Calculated Fatigue Life .. .............. 11
| 6 - Effect of Wall Ratio, Stress Concentration and Yieldingon Life ................... 11

~ 7 - Effect of Stress Concentration, Yielding and Initial Crack Size on Life .............. 11




ACKNOWLEDGEMENTS

We are pleased to acknowledge the help of D. J. Corrigan and M. J. Audino of Benét
Laboratories in the collection and interpretation of the experimental results described here.

ii



INTRODUCTION

The proven method for determining the fatigue life of a pressurized thick-walled cylinder,
particularly one with any degree of configurational or loading complexity, is a full-scale test.
However, this involves considerable time and cost, so there is always interest in analytical
descriptions of fatigue life. The present authors have investigated some aspects of fatigue life
assessment for pressure vessels. A comparison of fatigue lives from measurements and analysis
showed good correspondence for inner radius-initiated cracking of overstrained cylinders (ref 1),
and lifetimes for notched cannon components were well described (ref 2). Recently, the
combined problem of fatigue cracking of a pressurized, overstrained thick-walled cylinder with an
axial groove at the inner radius has been addressed (ref 3). As expected, the presence of a stress
concentration at the critical inner radius location predicted a significant decrease in fatigue life.

The purpose of this investigation is to proceed further with the combined problem of
cyclic pressurization of an autofrettaged and axially grooved cylinder. Recent hydraulic pressure
fatigue tests of sections of cannons, some of which contained axial grooves from previous firing,
are reviewed, and the results are compared with fracture mechanics descriptions of crack growth
and fatigue life. Specific comparisons are made between experiment and analysis for the grooved
and ungrooved conditions of the recent tests. Then, using analysis that has been shown to give a
good description of the fatigue test results, fatigue life predictions are made for various cylinder,
groove, and crack configurations and for various applied pressure and material yield strength
conditions.

CYLINDER AND TEST CONDITIONS

Figure 1 and Table 1 summarize key features of some recently completed fatigue tests of
thick-walled cylinder sections taken from cannon tubes. These tests show one application of the
work here on cylinders with axial grooves; any other design requirement or service condition that
results in a groove-like stress riser at the cylinder bore would relate to this work. In these tests a
section about 1 m long is cut from a cannon and cyclically pressurized from near zero to 670
MPa using procedures summarized in prior work (ref 4). The tube material was a forged ASTM
A723 steel of the type commonly used for cannon and other pressure vessels. Nine tube sections
were tested, five of which contained significant axial grooves caused by erosion associated with
firing. The typical location of the grooves (and the fatigue failure) was in the larger wall ratio
portion of the tube section, with outer-to-inner diameter ratio, OD/ID = W = 2.25, see Figure 1.
The four remaining tube sections, with no significant grooves, failed in the portion with W =
1.97. Table 1 lists the measured yield strengths of the tube material, Sy, the tube and groove
configurations, and the measured fatigue lives for each of the tests determined as the total
number of laboratory pressure cycles required for crack growth completely through to the OD
surface. The mean life of the grooved tubes was 3,159 cycles, about 43 percent below that of the
tubes with no grooves. This amount of decrease in fatigue life could be significant for many
applications. In addition, note that the grooved tubes had the higher wall ratio, which would
result in a longer life (if there were no grooves present), so the actual effect of the grooves on
life was more significant than the 43 percent reduction noted. This is addressed and discussed in
more detail in upcoming sections. :




Table 1. Specimen Material, Configuration, and Life Information

Specimen Yield Tube Size at Groove Measured Fatigue Life
Strength | Failure Location | Depth Nieas
N?I‘;a oD ID m(:n cyeles
mm mm
#3 1120 270 120 0-5 2,764
#5 1030 270 120 0-6 3,390
#9 1060 270 120 0-5 3,441
#23 1060 270 120 0-7 - 2,894
#49 1090 270 120 0-9 3,306
Mean: 3,159
#6 1110 309 157 0 5,040
#14 1140 309 157 0 5,365
#21 1110 309 157 0 5,360
#85 1120 - 309 157 0 6,593
Mean: 5,590

Another aspect of the tests that should be characterized is the determination of a typical
size and spacing of grooves for the affected tubes. These features showed considerable variation,
but after repeated comparisons and measurements, an idealized groove configuration was
identified that was typical of the five tubes as a group. It is depth, d, of 4 mm, width of 16 mm,
and space between grooves of 25 mm, as shown in Figure 2. The length of the grooves down the
axis of the tube is typically a few hundred millimeters. This characterization of the grooves was
" used in the upcoming fracture mechanics and fatigue analyses.

GROOVED CYLINDER ANALYSIS

Before a fatigue life analysis can be performed for a crack growing from a groove in a
cylinder, the notch-tip stress and stress intensity factor must be determined. This is accomplished
by a superposition of stresses in a manner similar to that of other recent work (refs 3,5).
Referring to Figurc 3, the stress of interest is the circumferencial stress at the tip of a groove in
a pressurized cylinder, called S,. It is calculated by elastic superposition of two other stresses
that are easier to obtain: the stress, S,, at the same location in an identical cylinder loaded by
external tension of the same magnitude as the pressure; and the stress, S,, in a cylinder under
hydrostatic pressure. It can be seen that the external loads cancel one another, so that Sp =S,

+ S,. Then §; can be determined from the stress S, for the cylinder under external tension,
where, because there is no effect of pressure on the groove surfaces, the stress at the groove tip
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S, = -p kR2WY(W?-1)] 1

is simply the Lamé stress for a cylinder under external tension (ref 6), -p [2W?/(W? - 1)], times
the stress concentration factor for the particular configuration of the groove, k. The convention
here is that p is negative. Using Eq. (1) and the superposition, the circumferential stress at the
tip of groove, S, is

S, = -pl@k,-)W? + 1Y[W*-1] | @)

Note that in the limit as k, = 1, Eq. (2) reduces to the Lamé stress at the ID of a cylinder with
internal pressure (ref 6), as it should. Equation (2) accounts for both the pressure on the ID
surface of the cylinder and the pressure on the groove surfaces.

Finally, the early work of Inglis (ref 7) was used to determine the value of k, as a
function of the depth to half width ratio, d/c, of the groove and the spacing of the grooves
relative to half width, b/c, as follows,

k, = (1+2dc)fn(bjc) €))

where frn(b/c) reduces the k, calculated from the Inglis solution to account for the effect of
multiple, closely spaced grooves. An fn(b/c) = 0.63 was obtained from a solution for multiple,
closely spaced holes in the well-known Peterson k, compendium (ref 8) for the b/c = 3.13 of the
typical groove configuration of Figure 2. For the d/c = 0.5 from Figure 2, the resultant k is
1.26. Equation (2) and this result from Eq. (3) were used next in expressions for stress intensity
factor, K, and fatigue life, N. '

K AND FATIGUE LIFE ANALYSIS

A simple, short-edge-crack analysis of K and fatigue life was used, so as to not lose focus
on the effects of the groove and also because experience has shown that the dominant control of
© fatigue life is from short cracks. Starting with the experimentally-determined relationship
describing the fatigue crack growth rate in terms of the stress intensity range, AK (ref 1), we
have

dajdN = 6.52 x 10"2AK3 @

where 6.52 x 10" and the power three describe the growth rate for the A723 steel used and are
appropriate for da/dN in m/cycle and AK in MPa m"?. The definition of AK is AK = K., - Kpin
for K, > 0 and AK = K_, for K., < 0, as in prior work (ref 1). AK is determined using the
very familiar expression for short cracks, as follows,

AK = 1.12h(ra)'"”s,, &)

The use of a short-crack expression for AK ‘accounts for the stresses at the groove surface but
does not account for the change in stress as the crack grows away from the groove. In Eq. (5), a




crack shape factor, h, has a value of one for the straight-fronted cracks of primary concern here,
and S is a combined stress that includes the three types of loading of importance in a
pressurized cylinder with a pressurized crack, described as follows.

The expression for S is

S;=Sp+ Sz -p (6)

where S; is the concentrated circumferencial stress at the groove tip and includes the effects of
the k, of the groove and the pressure on both the groove surfaces and the ID surface. It has
already been described in Eq. (2). The stress Sy is the concentrated circumferential stress at the
notch tip due to the autofrettage residual stress in the cylinder and can be obtained from

Sg = Syk[1-mWRWH(W*-D}] S, < S,

/ )
Sy =S, Sg > S,

The top expression is, apart from k,, the usual expression for circumferencial residual stress at
the ID of a fully overstrained cylinder (ref 9), that is, one in which yielding has proceeded
throughout the wall thickness. Including k, in the expression for residual stress accounts for the
effect of the groove. However, since the unconcentrated residual stress often approaches the
yield strength and k, can be well above one, the requirement in the lower expression has been
added. This limits Sy to the material yicld strength, which is believed to occur in reality as a
result of yielding at the tip of the groove. Equation (7) accounts for the effect of yielding on S,
but does not account for any strain hardening that may occur. Finally, the inclusion of the value
- of the pressure, p, in S ; accounts for the effect of pressure on the crack faces. The rationale for
this is the fact that the K for a given crack configuration with a pressure applied to the crack
faces is exactly equivalent to the K for the same crack with remotely applied tension of the same
magnitude, that is, with t = - p (ref 1).

The expression for fatigue life, N, can thus be written by integrating Eq. (4) and
combining the result with Egs. (5) and (6) to give

N = 2[1)/a;-1/,/a/6.52 x 10"2[1.12/T k(S + S -P)I° ®)

where the term 2[1/Va, - 1/Va] is from integration and the other terms are from Egs. (4) through
(6). In combination with Egs. (2), (3), and (7), this expression can be used to calculate fatigue
life taking into account the key material, configuration, and loading factors which control fatigue
life in a pressurized, grooved, overstrained thick-walled cylinder. These factors, referring also to
terms and parameters in the above equations, are initial and final crack depths (a, a;); material
crack growth properties (6.52 x10'° and power three); the edge crack nature of the overall
configuration (1.12 V); the semi-elliptical or straight shape of the crack (h); pressure on the ID
and groove surfaces (S;); the overstrain residual stress (Sz); pressure in the crack (p in Eq. 8));
diameter ratio (W in Egs. (2) and (7)); stress concentration of the groove (k, in Egs. (2) and
(7)); material yield strength (S, in Eq. (7)).



Fatigue life calculations were performed based on Eq. (8), using just one arbitrarily
selected input value, that of the initial crack depth, a, All other inputs were based on material
and test conditions, and a, was selected with at least some consideration of test conditions.
Relatively few firings (100 to 200) of the type expected to initiate heat check-type cracks had
occurred with the tubes tested here, so a relatively small a; of 0.1 mm was used for all
calculations. The a,; was taken as the wall thickness, but this is known to have much less effect
on the N than a, does. The comparison of the life calculations with experimental results is
described next.

CALCULATED AND MEASURED LIVES

Table 2 lists the values of residual stress, Sy, used for the calculated life of each of the
nine tubes. Note that the residual stress was limited to the value of the yield strength for each of,
the five grooved tubes. Calculated lives for the W and k, values of the tests are listed, and ratios
of calculated to measured life are also listed, with the direct comparisons between calculated and
measured life indicated by an asterisk (*). Referring to the life ratio results, it is clear that the
calculations give a good description of measured life for both grooved and ungrooved cylinders.
Furthermore, if no grooves had been present in the W = 2.25 portion of the cylinder and a life
had been measured there, it would have been four to eight times higher than that with the
grooves. Conversely, if there had been grooves with a k, of 1.26 in the W = 1.97 portion of the
tube, the life would have been about four times lower than that without the grooves. So it is
clear that the grooves, even with a k, as low as 1.26, have a significant effect on life.

A comparison of calculated and measured crack growth behavior is shown in the plots of
Figure 4 for two of the tests--one with grooves (and k, = 1.26) and one with no grooves. Crack
depth was measured at various points during the tests using a pulse-echo ultrasonic method from
the outside surface of the cylinder. Calculations of crack depth versus number of cycles were
obtained from Eq. (8) by simply setting a; equal to the desired crack depths. The reasonably
good agreement in placement and shape of the curves can be seen. One feature noted with the
measured curves, and also to a lesser extent with the calculated curves, is the higher growth rate
at small crack depths of the grooved specimen compared with the rate of the ungrooved
specimen. The higher rate is apparent for crack depths up to about 4 mm, the typical depth of
the groove, so St. Venant’s principle of local effects being displayed near a discontinuity is once
again seen. The expected increase in crack growth rate, da/dN, can be approximated using a
generic expression for growth rate, as follows

da|dN = constant(k,ASa'?)* 9

and since only k, is different for a grooved versus an ungrooved sample, an expression for the
ratio of growth rates can be written as

(da/dN) groovid ([@aldN) o Groove = (1:26/1.00)° = 2.0 (10)

The results in Figure 4 are generally consistent with the predictions of Egs. (9) and (10).




Table 2. Comparison of Calculated and Measured Fatigue Lives

Specimen | Residual Stress Calculated Life Life Ratio
Sk Nar Naio/Nieas
MPa Cycles
k, = 1.00 k, =126 k, = 1.00 k, =126
W = 2.25:
#3 -1120 (Sy) 22,720 3,964 8.22 1.43*
#5 -1030 (Sy) 14,418 3,049 4.25 0.90*
#9 -1060 (Sy) 16,652 3,319 4.84 0.96*
. #23 -1060 (Sy) 16,652 3,319 5.75 1.15*
#49 -1090 (Sy) 19,373 3,623 5.77 1.08*
Mean: 17,963 3,455
W =197
#6 -916 5,353 1,502 1.06* 0.27
#14 -941 5,831 1,588 1.09* 0.28
#21 -916 5,353 1,502 1.00* 0.27
#85 -924 5,500 1,529 0.83* 0.27
Mean: 5,509 1,530

*Direct comparison of measured and calculated life.

A broader comparison between calculated and measured fatigue behavior is shown in
Figure 5. The results of the five grooved tests, with 3,159 cycles average life, and the four
ungrooved tests, with 5,590 cycles average life, are plotted. Two calculated curves are shown--
one for the W = 2.25 of the grooved tests and k, values of 1 to 2, and one for the W = 1.97 of
the ungrooved tests and the same k, values. The calculations were from Eq. (8) using the
appropriate W and k, values. The agreement between experiment and theory is good, as
discussed earlier, and it instills confidence in the use of this type of plot for fatigue life
prediction and design. It is clear that both diameter ratio and stress concentration factor have
profound effects on the fatigue life of pressurized thick-walled cylinders.




DESIGN CALCULATIONS

The approach used above to make comparisons between measured and calculated lives
for a specific series of tests can be used for general calculations that may be of interest in fatigue
life design and analysis of pressurized cylinders. Equation (8) can be used as before, taking a
broader range of key variables as input to the equation, including wall ratio, stress concentration
factor, and initial crack size. Such calculations were made, and results are shown in Figures 6
and 7. One other factor was addressed in the calculations—the effect of limiting the residual
stress due to yielding, as discussed earlier in relation to Eq. (7). Lives were calculated with and
without the yielding limitation and compared. The calculations were for Sy = 1100 MPa, for the
growth rate of Eq. (4), for a pressure of 550 MPa, and for Sg of a fully overstrained cylinder (Eq.
7.

Figure 6 gives results that show the effects of diameter ratio and stress concentration on
fatigue life for the same a, as before, 0.1 mm. Results are given with the limitation of S < -Sy
and with no limitation. Note the factor of ten decrease in life due to a moderate decrease in W
or a moderate increase in k. Note also the significant additional decrease in life associated with
the Sy < -Sy limitation for large W and k,, conditions that favor yielding and thus shorten life
because the yielding eliminates some of the beneficial compressive residual stress. Figure 7
shows the effect of initial crack size on fatigue life for the largest W value of Figure 6; the
middle curve of each set of three in Figure 7 is the same as the upper curves in Figure 6. As
expected from the form of Eq. (8), larger values of a; result in significantly lower lives. And,
again in this comparison, the effect of the Sy < -Sy limitation is to decrease the calculated
fatigue life. These results in Figures 6 and 7 provide at least a capsule summary of important
material and configurational effects on the fatigue life of overstrained cylinders, including effects
of material yield strength, the cylinder diameter ratio, the stress concentration factor, and the
initial crack depth.

SUMMARY

1. Elastic superposition was used to calculate the concentrated stress at the root of a
semi-elliptical groove at the inner diameter of a pressurized, overstrained cylinder. This stress
was combined with the residual stress due to overstrain and the stress due to pressure in the
crack to develop fracture mechanics calculations of fatigue life.

2. Calculated fatigue life compared well with measured life from A723 steel cylinder tests
with two different diameter ratios and stress concentration factors and using an initial crack size
based on the expected pre-existing defects in the cylinder.

A 3. Calculated effects on fatigue life were summarized for use in fatigue design and
analysis of overstrained cylinders. Significant decreases in calculated life are expected due to: (1)
the limitation of the overstrain residual stress to a value equal to the yield strength; (2) a-
decrease in the cylinder diameter ratio; (3) an increase in the stress concentration factor; and (4)
an increase in the initial crack size.




REFERENCES

A.P. Parker, J.H. Underwood, J.F. Throop, and C.P. Andrasic, "Stress Intensity and
Fatigue Crack Growth in a Pressurized, Autofrettaged Thick Cylinder," Fracture
Mechanics: Fourteenth Symposium - Vol. I Theory and Analysis, ASTM STP 791, American
Society for Testing and Materials, Philadelphia, 1983, pp. 216-237.

J.H. Underwood, "Fatigue Life Analysis and Tensile Overload Effécts with High Strength
Steel Notched Specimens," High Pressure in Science and Technology, Part II, Elsevier, New
York, 1984, pp. 209-214.

A.P. Parker, R.C.A. Plant, and A.A. Becker, "Fatigue Lifetimes for Pressurized, Eroded,
Cracked, Autofrettaged Thick Cylinders," Fracture Mechanics: Twenty-Third Symposium,
ASTM STP 1189, American Society for Testing and Materials, Philadelphia, 1993, pp.
461-473.

J.H. Underwood, R.A. Farrara, and M.J. Audino, "Yield-Before-Break Fracture
Mechanics Analysis of High Strength Steel Pressure Vessels," High Pressure - Codes,
Analysis, and Applications, PVP Vol. 263, American Society of Mechanical Engineers, New
York, 1993, pp. 143-154.

R.C.A. Plant, "Stress Intensity Calibrations for Eroded Autofrettaged Thick Wall
Cylinders," PhD '_I’hesis, Staffordshire Polytechnic, Stafford, United Kingdom, 1989.

R.J. Roark and W.C. Young, Formulas for Stress and Strain, McGraw-Hill, New York,
1975, p. 504.

C.E. Inglis, "Stresses in a Plate Due to the Presence of Cracks and Sharp Corners,"
Engineering, (London), Vol. 95, 1913, p. 415.

R.E. Peterson, Stress Concentration Factors, Wiley, New York, 1974, p. 179.

R. Hill, The Mathematical Theory of Plasticity, Oxford University Press, 1967.




uoryeanbryuod uswioseds - T °HIL

L8L = M - 4Ql/A0

h_ $2°2 .éw_. dai/ao __ __
_E = ;
wuw ogL—- — —_— — —— L wuw g}
& - A . @
[ = i
ww 012 ww Bog

89A0016 uUoOisOIa [BIXE
0 U0}1820] |BOIdA)




FIG. 2 - Idealized Groove Configuration
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ATTN: SMCAR-CCB-TL

OPERATIONS DIRECTORATE
ATIN: SMCWV-ODP-P

DIRECTOR, PROCUREMENT & CONTRACTING DIRECTORATE
ATTN: SMCWV-PP

DIRECTOR, PRODUCT ASSURANCE & TEST DIRECTORATE
ATTN: SMCWV-QA

NO. OF

COPIES

b et kb

S a—

Ll I )

NOTE: PLEASE NOTIFY DIRECTOR, BENET LABORATORIES, ATTN: SMCAR-CCB-TL OF ADDRESS CHANGES.




TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST

NO. OF
COPIES

ASST SEC OF THE ARMY

RESEARCH AND DEVELOPMENT

ATTN: DEPT FOR SCI AND TECH 1
THE PENTAGON

WASHINGTON, D.C. 20310-0103

ADMINISTRATOR

DEFENSE TECHNICAL INFO CENTER 12
ATTN: DTIC-FDAC

CAMERON STATION

ALEXANDRIA, VA 22304-6145

COMMANDER
U.S. ARMY ARDEC
ATTN: SMCAR-AEE
SMCAR-AES, BLDG. 321
SMCAR-AET-O, BLDG. 351N
SMCAR-FSA
SMCAR-FSM-E
SMCAR-FSS-D, BLDG. %4
SMCAR-IMI-I, (STINFO) BLDG. 59
PICATINNY ARSENAL, NJ 07806-5000

B = b ek ek i

DIRECTOR

U.S. ARMY RESEARCH LABORATORY

ATTN: AMSRL-DD-T, BLDG. 305 1

ABERDEEN PROVING GROUND, MD
21005-5066

DIRECTOR

U.S. ARMY RESEARCH LABORATORY

ATTN: AMSRL-WT-PD (DR. B. BURNS) 1

ABERDEEN PROVING GROUND, MD
21005-5066,

DIRECTOR
U.S. MATERIEL SYSTEMS ANALYSIS ACTV
ATTN: AMXSY-MP 1

ABERDEEN PROVING GROUND, MD
21005-5071

NO. OF
COPIES
COMMANDER
ROCK ISLAND ARSENAL
ATTN: SMCRI-ENM 1
ROCK ISLAND, IL 61299-5000
MIAC/CINDAS
PURDUE UNIVERSITY

P.O. BOX 2634 1
WEST LAFAYETTE, IN 47906 .

COMMANDER
U.S. ARMY TANK-AUTMV R&D COMMAND
ATTN: AMSTA-DDL (TECH LIBRARY) 1
WARREN, MI 48397-5000

COMMANDER

U.S. MILITARY ACADEMY

ATTN: DEPARTMENT OF MECHANICS 1
WEST POINT, NY 10966-1792

U.S. ARMY MISSILE COMMAND
REDSTONE SCIENTIFIC INFO CENTER 2
ATTN: DOCUMENTS SECTION, BLDG. 4484
REDSTONE ARSENAL, AL 35898-5241

COMMANDER
U.S. ARMY FOREIGN SCI & TECH CENTER
ATTN: DRXST-SD : 1

220 7TH STREET, N.E.
CHARLOTTESVILLE, VA 22901

COMMANDER

U.S. ARMY LABCOM

MATERIALS TECHNOLOGY LABORATORY
ATTN: SLCMT-IML (TECH LIBRARY) 2
WATERTOWN, MA 02172-0001

COMMANDER

U.S. ARMY LABCOM, ISA

ATTN: SLCIS-IM-TL 1
2800 POWER MILL ROAD

ADELPHI, MD 20783-1145

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING CENTER, U.S.
ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL, WATERVLIET, NY 12189-4050 OF ADDRESS CHANGES.
—




TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'D)

NO. OF NO. OF

COPIES COPIES
COMMANDER COMMANDER
U.S. ARMY RESEARCH OFFICE AIR FORCE ARMAMENT LABORATORY
ATTN: CHIEF, IPO 1 ATTN: AFATL/MN 1
P.O. BOX 12211 EGLIN AFB, FL 32542-5434
RESEARCH TRIANGLE PARK, NC 27709-2211

COMMANDER

DIRECTOR AIR FORCE ARMAMENT LABORATORY
U.S. NAVAL RESEARCH LABORATORY ATTN: AFATL/MNF 1
ATTN: MATERIALS SCI & TECH DIV 1 EGLIN AFB, FL 32542-5434

CODE 26-27 (DOC LIBRARY) 1
WASHINGTON, D.C. 20375

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING CENTER, U.S.
ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL, WATERVLIET, NY 12189-4050 OF ADDRESS
CHANGES.
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